The directed depolymerization of lignin biopolymers is of utmost relevance for the valorization, i.e. commercialization, of biomass fuels. We present a computational and theoretical screening approach to identify potential cleavage pathways and resulting fragments that are formed during depolymerization of lignin oligomers containing two to six monomers. We have developed a chemical discovery technique to identify the chemically relevant putative fragments in eight known polymeric linkage types of lignin. Obtaining these structures is a crucial precursor to the development of any further kinetic modeling. We have developed this approach by adapting steered molecular dynamics calculations under constant force and varying the points of applied force in the molecule to diversify the screening approach. Key observations include relationships between abundance and breaking frequency, the relative diversity of potential pathways for a given linkage, and the observation that readily-cleaved bonds can destabilize adjacent bonds, causing subsequent automatic cleavage.
Introduction
As the demand for finding and utilizing cheap and renewable energy sources mounts 1 , more complex and heterogeneous feedstocks, such as biomass [2] [3] , are increasingly being considered. The valorization, or commercialization of a pathway to fuel from natural resources, of lignocellulosic biomass has captured much interest in recent years [4] [5] [6] [7] . Lignin, in particular, is a structurally complex biopolymer 8 , which currently is commercially utilized only for the fast pyrolysis 9-10 generation of low-grade bio oil 3 that is volatile and has been demonstrated to be of moderate utility 11 . The experimental catalysis community has been fascinated by the prospect of upgrading, or making more useful, lignin-derived bio oils through the catalytic removal of oxygen groups in a process known as hydrodeoxygenation or other more advanced catalytic routes, including using metabolic engineering 4, [12] [13] [14] .
Nevertheless, the pyrolysis step to generate bio oil requires high temperatures and energy inputs and the bio oil product is not particularly stable for transportation. For that reason, understanding the structure of the unprocessed lignin polymer remains of interest 8, 15 . Recent experimental achievements have included depolymerization via polyoxometalate catalysts 16 , base-catalyzed hydrolysis [17] [18] , acidolysis [19] [20] , ionic liquid treatment 21 , reduction with hydrosilanes 22 , photochemical degradation 23 , and ball milling 24 . In addition to general depolymerization, efforts have also included selective strategies via homogeneous catalysts [25] [26] [27] [28] [29] and enzymes 30 . A route to selective depolymerization that both prevents repolymerization and generates a specific set of monomers 31 has only recently had success experimentally with the aid of metal catalysts [32] [33] capable of producing up to 50% yield.
The natural structural complexity of the lignin biopolymer, which contains as many as eight known linkages between three monomeric units 16 , is critical to understanding how to design a catalyst for selective depolymerization. This complexity may at first be daunting for firstprinciples, computational approaches due to the size of even minimal oligomers and their complex chemistry. Nevertheless, the complexity in polymeric feedstocks also mandates computational screening to identify the difference in local bonding environments in these complex molecules. In this work, we turn the problem of heterogeneous feedstocks on its head, proposing instead that substrate variability presents a rich selection of chemical bonds for study and for future efforts as targets for computational and experimental design of selective catalysts, even as catalytic upgrading of bio oil continues to have successes in "making money" out of lignin, a notoriously intractable material. Lignin is noteworthy because it makes up roughly 20-30% by weight 34 of biomass. The key features of lignin as opposed to other components of biomass are that it is a heavily cross-linked polymer consisting of large numbers of phenolic moieties, making it the most abundant source of aromatic carbon in nature 16 . Lignin polymers are derived from p-coumaryl, sinapyl, and coniferyl alcohol monomers 16 that differ by the presence (sinapyl, coniferyl) or absence (p-coumaryl) of methoxy groups functionalizing the aromatic ring common to each monomer (see Fig. 3 later in the text). The coniferyl alcohol monomer makes up 90% of all softwood lignins 16 , which also have some of the highest concentrations of lignin, and contains a single methoxy group.
A great deal of computational effort has been dedicated to studying model compounds that encapsulate some of the key linkages in lignin. Major focuses have been on identifying homolytic bond dissociation energies [35] [36] and mechanical properties [37] [38] [39] [40] , intramolecular hydrogen bonding 41 , kinetic modeling [42] [43] , and the effect of ionic liquids [44] [45] . The most prolific and thorough researchers in this area have been Beste and Buchanan, who have carried out a number of studies on both phenethyl phenyl-ether (PPE) and its methoxy form to understand free energy pathways for homolytic bond cleavage events for C-C bonds and C-O bonds that occur during pyrolysis using B3LYP 46 and M06-2X functionals 47 . They followed up their initial work with further studies of bond dissociation enthalpies for additional substituted β-O-4 model compounds 48 , kinetic analysis [42] [43] including of phenyl-shift reactions with substituents on the phenyl ring vs. the phenyl ether 42 and hydrogen abstraction 49 . More recently, Beste has studied selectivity for pyrolysis products in PPE and α-hydroxy-PPE 50 and used reactive force fields to identify activation energy for conversions of dilignol model compounds 51 . However, it is worth noting that few, if any, computational studies have been carried out on larger models of lignin.
Only limited, combined experimental and theoretical studies 52 have focused on the more complex chemistry of less abundant linkages. The more uniform cellulose has been very faithfully mechanistically and kinetically modeled computationally with relatively small model compounds 53 , but such an approach would not be possible on the more heterogeneous lignin.
Inspired in part by recent experimental and computational efforts in efficient mechanistic study of mechanochemical depolymerization [54] [55] [56] [57] [58] [59] [60] , we develop an alternative approach in which we employ steered molecular dynamics under constant force to understand lignin compound depolymerization. We focus here on models of lignin polymers comprised of coniferyl alcohol, the predominant monomer in softwood lignins. Our approach may be used to directly understand the effects of approaches that mechanically depolymerize lignin, such as ball milling 24 , but, more importantly, we employ it here as a screening technique to identify the weakest bonds in lignin models and to follow the dynamical processes that occur when these bonds are broken. Such direct observations are not possible in homolytic bond dissociation energy studies. We also study the pathways for bond-breaking, not making any assumptions about bond-breaking mechanisms and, in select cases, identify the distances at which recombination is most favorable.
Following review of our screening methodology, we will present outcomes tested on lignin model systems. For these applications, we first present bond fragmentation patterns in small dimeric compounds, comparable to those studied previously in the literature. Next, we expand our studies to long, hexameric repeats that now include some of the polymeric character of lignin fragments. Hexameric models represent the largest model compounds studied from first-principles to date, although reactive force fields have been previously used on hexamers 61 .
We study the effect that the presence of acid or base model catalysts has on bond-breaking pathways and the associated threshold at which bond cleavage occurs. Importantly, we observe unusual chemistries in branching models; namely 1) in a model of the recently discovered [62] [63] spirodienone lignin linkage we observe over 23 unique pathways that result from our screen, and 2) we observe that cleavage of ether bonds in the dibenzodioxocin linkage can destabilize the more intractable remaining biphenyl linkage, leading to spontaneous C-C bond cleavage.
Screening Approach
Here, we introduce a screening approach for identification of fragmentation patterns in lignin model compounds. We employ an ab initio steered molecular dynamics approach that permits direct dynamics on the force-modified potential energy surface (FMPES). While this method has been previously demonstrated to be useful for mechanochemistry [54] [55] [56] [57] [58] [59] [60] , we are instead developing this approach as a screening method. In any constant force dynamics method, an attachment point (AP) is defined on the molecule that corresponds to an atom that is pulled at constant force to a pulling point (PP) that is a fixed point some distance away (examples of APs and AP-PP directions shown in Fig. 1 ). This external force is thus defined as:
where r i AP/PP is the position of the AP or PP and F i are the applied force values. The total force in this approach is then a sum of the standard force from an ab initio evaluation of the gradient in addition to the applied external (ext) force:
Using this established approach, we recently reported 59 the mechanochemically-induced depolymerization of a low-ceiling temperature polymer poly-o-phthalaldehyde. There, we observed that a heterolytic bond-breaking mechanism led to propagation of further depolymerization events, thus "unzipping" the polymer. This preliminary success inspired our current development of force-modified molecular dynamics in order to identify whether any conditions would permit the unzipping of lignin polymer to monomers (flowchart overview in . Therefore, while we are using force to ensure bond breaking, we are unlikely to be dramatically altering the geometric structure from geometries preferred on the force-unmodified potential energy surface. Once a bond is cleaved, the simulation runs until the fragments reach the pulling points and the simulation is terminated.
Additional tunable parameters include, as with any electronic structure approach, the electronic structure method and the basis set employed. Here, we employ the long-rangecorrected hybrid functional LRC-ωPBEh 64 with a modest 6-31g basis set. While outside the scope of this work, it may be advantageous in this screening approach to direct the electronic structure method and basis set choice to one that is known to underestimate or overestimate certain bond dissociation energies. All electronic structure methods will introduce some bias, be it overestimation of barrier heights in Hartree-Fock and high exact-exchange ratio hybrid functionals or underestimation in pure density functionals. This bias may then be directed towards enhancing sampling in the screening approach with subsequent energetic refinement at higher levels of theory. One may also accelerate such studies by choosing smaller basis sets, as was also used in the recently introduced "nanoreactor" for chemical discovery of bond-formation reactions 65 . There, reactions were dynamically discovered with a very minimal Hartree-Fock theory and 3-21g basis set combination, later followed-up by more detailed path-based transition-state search with hybrid exchange-correlation functionals and larger, polarized basis sets.
Activation energies and transition states are outside the scope of this preliminary work, where we instead emphasize the scale of electronic structure calculations and dynamics that may be surveyed. Here, we have studied up to six monomeric units (hexamers) of the most common linkage in lignin both its standard form and in the presence of a catalyst. We also present extensive dimer and trimer models of all eight linkages in lignin. We harness recent advances in stream processing hardware and algorithmic developments [66] [67] [68] that have been demonstrated to be successful in proteins [69] [70] [71] to accelerate this biopolymer-oriented screening approach. For those unfamiliar with TeraChem 72 or typical GPU performance, our ωPBEh/6-31g calculations require 10-30s/timestep on 2 GPUs for the dimer model and 60-110s on 2-4 GPUs for the hexamer.
In order to give a sense of the scale of the screening effort, our dimer and trimer studies were carried out on 8 different linkages with a variety of attachment points, i.e. atoms on the molecules to which the force is directly applied (see Fig. 1 ). Two gas-phase trajectories were run for each unique pair of attachment points, producing 50 4.0 nN trajectories that were each at least 1.25 ps in length. This runtime corresponds to each calculation on a dimer taking about a day for a 0.25 fs timestep. The pulling points were placed 15 Å from the attachment points on the dimer.
A 4.0 nN force was chosen because it is on the higher side of experimentally reproducible forces in sonication experiments [55] [56] 59 and was likely to produce at least some bond-breaking events for the majority of linkages. Due to the high value of the applied force, attachment points were limited to sites on the rings of the lignin monomers, rather than terminal carbons.
In the case of hexamers, we constructed these molecules from six repeats of coniferyl alcohol connected via five β-O-4 linkages with the same stereochemistry as the dimers (see Fig.   3 ). Our screening approach on the hexamer model compounds features an examination of the force dependence as a proxy for identifying the efficacy of a model catalyst. We consider lower forces, which range from 1.0 to 3.5 nN, on the hexameric compound based on previous observations that lower forces are needed in larger molecules, likely due to compensating delocalization of electron density over larger fragments. Pulling points are placed 25 Å from the attachment points (methoxy carbons) on the hexameric compounds, in order to compensate for the longer length of the molecule. Since larger molecules are more susceptible to breaking at lower forces and require longer distances between AP and PP to ensure that the fragmentation does not lead to pulling the APs to the PPs too quickly at higher force. Once the AP reaches the PP, there is no longer a force felt on the system and this could lead to disruption of the observation of dynamic rearrangements. We emphasize here that the primary focus of this screening effort is to ensure the discovery of dynamic rearrangement following bond cleavage that is not as accessible in more commonly employed homolytic bond dissociation energy studies.
Under the aforementioned constraints, we also introduce model catalysts and identify how their presence alters the force-dependent profile of cleavage events. Here we use hydronium ion to model acid catalysis and tertbutoxide anion to model base catalysis. We place the species in the simulation and position them one at a time near each of the five linkages. In order to ensure sufficient statistics, we run five trajectories for each catalyst at each position for 2-3 ps for a total of 25 trajectories at each force value. These studies permit the determination of whether any cleavage events differ strongly in the presence of a model catalyst. In order to carry out catalyst-design-based screens, one would more likely use model reaction mechanisms obtained during this initial screen and then carry out minimum-energy path search techniques. This subsequent screen would then focus on the known rate-determining step(s) using a most abundant reactive intermediate -least stable transition state approach [73] [74] [75] to maximize kinetic turnover. However, the current study focuses on identification and prediction of model compounds, paving the way for future study that will enable catalyst screening. Our screening also likely identifies fragments that could form during experiments carried out under extreme environments such as pyrolysis or ball milling.
Computational Methods
We employ the TeraChem code to carry out ab initio steered molecular dynamics (AISMD) calculations 55 . By using an applied constant force in the range of 1.5 nN to 4.0 nN, we carry out dynamics directly on the force-modified potential energy surface (FMPES), as has been previously demonstrated, e.g. in Refs. 55, 57 . The AISMD simulations were carried out with unrestricted density functional theory (DFT) using the long-range-corrected, ωPBEh exchangecorrelation functional (ω=0.2) 76 and the 6-31g basis set. All AISMD simulations were carried out with a 0.25 fs timestep. In order to encourage convergence, where favorable, to an unrestricted, radical solution, level-shifting (a 1.0 eV shift was applied to α states, 0.0 eV on β states) 77 .
Hexameric acid and base catalysis studies were repeated with an accelerated implementation 78 of the conductor-like implicit solvation model (COSMO) 78-80 using a dielectric of ε=80, but there was no observed change to bond-breaking events. For cases where a variable force screening was completed, such as in the hexamer, once a force threshold was reached where 100% breaking was observed, only five trajectories were also completed at higher thresholds (e.g. 3.0 nN and 3.5 nN for the acid and the base) to verify complete breaking occurred at these force thresholds. For each trajectory, natural bond orbitals (NBO) were obtained using the NBO6 81 interface to
TeraChem. The NBO analysis categorizes transformed orbitals as core, two-center or threecenter bonding orbitals, and lone pairs for the generation of Lewis structures. This analysis also categorizes the extent of electron density that is non-Lewis in nature. The occupancy of each Lewis-like lone pair NBO may be assessed, with distinct spin up and down orbitals centered around the cleaved bond corresponding to radical, homolytic cleavage. and abundance in Fig. 4 ) 34 .
Results and Discussion

4a. Dimer studies
For preliminary studies of dimers and trimers, we assembled coniferyl alcohol monomers to produce the eight most common linkages in softwood lignin:
(ab=3%), and spirodienone (ab=2%) 16 (see also abundances in Fig. 4 ). Dimer studies provided a preliminary screen to identify which linkages were most amenable to mechanochemical bond- In contrast to 5-5 linkages (cf=0%), the β-O-4 linkage breaks frequently in our simulations (cf=56%). Two primary pathways were observed for the cleavage of β-O-4 linkages:
one involved simple homolytic bond cleavage of the C(β)-O bond and separation to radical fragments, while the other involved homolytic bond cleavage followed by hydrogen transfer leading to closed shell fragments (Fig. 5) . In the former case, this mechanism is identical that has been proposed before for β-O-4 homolytic bond cleavage (e.g. see Fig. 4g in Ref. 51 ), thus validating that we are not substantially diverging from previous computational studies through incorporation of a steering force. In the second case, the transferred hydrogen atom originated either from a neighboring alcohol group or directly from the adjacent carbon atom, leading to either aldehyde or enol products (for a total of three overall pathways). We selected snapshots of monomers after cleavage at various separation distances to identify whether fragments would recombine or rearrange once the constant force was turned off. Recombination did not occur for separation distances greater than 2.3 Å, but hydrogen transfer continued for distances up to 5 Å.
These recombination studies suggest a predominant mechanism of homolytic bond cleavage to form radicals followed by hydrogen atom transfer to produce closed shell fragments.
A number of homolytic bond dissociation energy studies [35] [36] [47] [48] have been carried out on models, particularly of the β-O-4 linkage. In these studies, there has been considerable focus on the effect that functionalizing groups can have on bond dissociation energies. In light of these studies, we added a hydroxyl group to the α-carbon in the β-O-4 dimer and repeated the steered MD studies with two trajectories at each of the 25 combinations of pulling points. In this case, the presence of the α-hydroxy changes the stereocenter for the β-O-4 linkage (see Fig. 3 ) from R to S, although the geometry is unchanged. The mechanisms for cleavage are unchanged from those observed in the absence of the α-hydroxy functionalization (see Fig. 5 ), consistent with previous observations that this functionalization does not strongly alter homolytic bond dissociation energies 47 . However, we do observe seven more breaking events for an overall 14% Of all the linkages considered, the β-β linkage (ab=3.5%) had the highest occurrence (cf=92%) of bond cleavage. This linkage is symmetric and consists of two five-membered rings fused at the β-carbons of each monomer, with the γ-hydroxyl group of each monomer forming an ether bond to the α carbon of the other monomer to close the five-membered ring. We consistently observe a simultaneous, double electrocyclic reaction, in which the β and γ carbons of both monomers are released as a free 1,3-butadiene molecule. Each monomer retains the γ-hydroxyl oxygen of the other monomer to form two neutral aldehyde-terminated fragments (Fig.   6 ). In contrast to β-β, the moderately abundant (ab=10%) β-5 linkage has few cleavage events (cf=4%) where the five-membered ring opens, with the γ carbon and its attached hydroxyl group is released as a free formaldehyde molecule, but further fragmentation to monomers does not occur (See Supporting Information). These contrasting cases suggest that the dissociation of linkages should be investigated carefully on a case-by-case basis, and a follow-up study will be focused on using more detailed charge and bonding analysis to reveal structure-property relationships in these cleavage events when in the presence of model catalysts.
4b. Trimer studies
Dibenzodioxocin is a linkage formed from three monomers that is characterized by an 
4c. Dependence of cleavage on simulation conditions
We previously noted that cleavage frequency is not strictly comparable to bond dissociation energy and force dependent profiles are more likely to give useful statistics. Bond cleavage events are inherently sensitive to the relative orientation of the two attachment points on the molecule that we choose during a pulling study. In the case of each dimer or trimer, 25 possible pulling point combinations were selected, and two trajectories were run for each attachment point combination. From a discovery perspective, one advantage to our steered MD approach is that different attachment points may bias towards distinct cleavage mechanisms, permitting identification of pathways that might have been excluded based on chemical intuition.
This variability led to observation of 23 unique fragmentation pathways in the spirodienone linkage. However, for cases where only a few pathways were observed, it is also useful to note the dependence of cleavage on the combination of attachment points in order to identify whether certain combinations apply uneven or insufficient stress to the cleaving bond.
For analysis, the type of attachment point combination is classified by whether the attachment point is ortho, meta, or para to the phenyl ring carbon that is closest to the linking bond (recall that this carbon is excluded from the attachment points). The strictly para/para and para/meta combinations are designated as more longitudinal force being applied along the axis of 
4d. Hexamer studies
We now shift focus to a different screening approach from those observed with minimal models to identifying the dynamic effects of bond cleavage on larger-scale oligomers. To our knowledge, hexameric models of lignin containing β-O-4 linkages represent the largest models of lignin that have been studied with first principles simulations. However, there have been some successful efforts in experimentally synthesizing such compounds [83] [84] in order to better understand the biological synthesis of lignin during plant growth. Our initial motivation for studying larger models of the well-studied β-O-4 ether linkage was to identify whether bondbreaking events propagate in a manner at all analogous to our previous observations with lowceiling temperature polymers 59 . Similarly, we screened for breaking events at a range of lowered force thresholds (as low as 1.0 nN and as high as 3.5 nN) in order to identify whether cleavage events occurred at lower forces as they did in other polymers we have previously studied.
Additionally, the force-dependent breaking ratio (i.e. how many simulations lead to cleaved products at a given force) gives us information about the minimum force to cleave a bond in the presence or absence of a catalyst. This information allows us to identify better catalysts as those that will lower the force threshold at which bond cleavage occurs. Such studies also permit dynamic rearrangement after the catalytic cleavage, allowing for identification of any side reactions or other unexpected steps not normally considered in more commonly employed minimum energy pathway studies of catalysis.
While we did observe some double and triple breaking events in the hexameric models, these cleavage events were typically simultaneous and corresponded to equivalent breaking events occurring at either end of the molecule. This multiple-cleavage event mechanism was primarily observed at the highest forces (3.5 nN) employed. The cleavage threshold for breaking events was between 2.0 and 2.5 nN with a cleavage frequency of around 40% for 2.25 nN pulling force (model of the hexamer and force-dependent cleavage-frequency shown in Fig. 8) . We did not screen for force-dependent breaking thresholds in the earlier minimal dimer models where we instead aimed to maximize bond-breaking. As in the case of the dimer, the hexamers here have R stereocenters (see Fig. 3 for stereocenter indication on dimer model). Regardless of force applied, we note that there is no change in the mechanism observed for bond cleavage. While in small molecules, it has been observed that mechanical force can subtly change ring-opening mechanisms in violation of the Woodward-Hoffman rules 55 , our observation that very low forces lead to the same cleavage patterns suggest that ether bond cleavage is unperturbed by the use of force-modified molecular dynamics. The only alternative pathway observed in the hexamer but absent in the dimer was formation of a phenol and epoxide at 2.25 nN. Here, we have sampled a greater number of possible initial configurations and dynamics by running at least 25 trajectories at each force and we have five copies of each linkage in the hexamer, versus one in the dimer. In contrast to our observations in β-O-4 hexamers, random hexamers studied with high temperature (1650-2300 K) reactive force field molecular dynamics simulations 61 yielded degradation to a wider array of products, including a number of polycyclic compounds. These compounds were traced to the rearrangement after cleavage of other bonds such as 5-5 and β-5 not present in our hexamer models.
Following confirmation that the hexameric models of β-O-4 ether linkages behaved largely similar to the dimeric models, we then considered whether we could identify mechanisms by which a model acid or base catalyst might alter the cleavage events in this oligomer. We continued to work with the larger model for two reasons: 1) use of the hexamer allowed us to probe whether acid/base catalyzed mechanisms were sensitive to the location of the cleaving bond in the oligomer and 2) hexamer models break at lower force profiles, giving us access to a wider range of forces over which we can assess cleavage frequency than in the case of the smaller dimers. In order to probe the role of the model acid in catalyzing bond cleavage, we placed an acid (hydronium ion) at each of five possible sites adjacent to the ether linkage (see Fig. 8 ). Then we ran sampling dynamics of at least five trajectories for each placement. We observe a significant reduction in the force at which cleavage first occurs (cf > 60% at 1.5 nN)
when in the presence of the acid. However, the major chemical pathways (see Fig. 5 and Supporting Information) are largely unchanged with respect to the uncatalyzed hexamer. The major uncatalyzed pathways in the presence of an additional proton form a phenol/carbocation combination or a protonated phenol/enol by analogy. There is a bit more variety in the subsequent rearrangements for the acid case than in the uncatalyzed simulations, since the intermediates are fairly unstable. Formation of a protonated epoxide is a common rearrangement observed in our trajectories. Such species may be of use for further study in identifying the structures formed during recently successful experimental observations of lignin depolymerization by formic acid 20 . We also considered whether functionalization by α-hydroxy groups would have a larger effect in the case of hexamers both with and without acid. In select acid catalysis pathways, protonation occasionally occurred at the hydroxyl rather than at the ether. This latter observation is more consistent with the pathways proposed by Sturgeon et al. 19 , which begin from the assumption of the protonation of the additional hydroxyl functional group.
The discrepancy here arises in that we preferentially placed the hydronium ion adjacent to the ether bond, enhancing the likelihood of a protonated ether bond. Our simulations definitively demonstrate that protonation of the ether bond lowers the barrier for cleavage of the β-O-4
linkage. However, it might be interesting to carry out more simulations that start from β-O-4 models that have protonated α-hydroxyl functional groups in order to identify whether biasing instead towards that mechanism will lower the barrier for cleavage in a manner that is distinct from the ether bond protonation mechanism that predominates in our study. Aside from this alternate pathway, both acid-catalyzed and uncatalyzed hexamer cleavage patterns were unchanged by α-hydroxy functionalization.
For the study of base-mediated catalysis, we used the tertbutoxide anion, which is a strong base but poor nucleophile. By using a poor nucleophile, we thus prevent observation of direct nucleophilic attack in our simulations. As in the acid case, we see reduction in the force threshold at which bond cleavage occurs, but this effect is not as pronounced (cf ~ 20% at 1. This mechanism is the same as that proposed in previous base-catalyzed experimental studies (scheme 3 in Ref. 85 ). In the case of position #4, we observe some different behavior. When the base is not positioned well to abstract a proton from the hydroxyl, cleavage occurs as in the uncatalyzed case, but with subsequent attack of the base on the radical fragment (see Supporting Information). There are again, as in the uncatalyzed case, a few double cleavage events. For one double cleavage event, the α-β C-C bond is cleaved, which is the only time a β-O-4-containing lignin model breaks somewhere other than at the ether bond in our simulations. This C-C bond cleavage also occurs down the chain, not at the position where the base is initially placed. Such unusual dynamics in base-catalyzed lignin models will be probed with future work in which we also consider good nucleophilic bases and those that have been observed to be effective catalysts experimentally 18 . We also note that α-hydroxy functionalization had no discernible effect on the base-catalyzed mechanisms with respect to the pristine β-O-4 models.
Conclusions
We have demonstrated the first force-based ab initio molecular dynamics screening approach for the chemical discovery of bond cleavage events. Our method builds on the already well-established tools for identifying mechanochemical bond cleavage in polymers in the chemistry community. However, we have turned this successful approach on its head to discover the heterogeneity in products that can be formed when any kind of bond cleavage occurs in the highly heterogeneous lignin biopolymer. While microkinetic models have been quite successful in modeling the homogeneous cellulose polymer with models that are smaller than the ones we have considered in our study, understanding how to utilize, upgrade, and catalytically convert lignin into value-added products is an ongoing challenge.
Our approach has permitted the confirmation of previous observations, namely that ether bonds cleave readily in lignin polymers and that biphenyl linkages are more recalcitrant.
Additionally, we have carried out, to our knowledge, the first screen of all known model linkages of lignin, including two branched linkages, using one first principles computational screen. This breadth comes at a natural cost of reduced detail with respect to analysis on any single linkage.
Future work will allow us to provide more insights into the cleavage of linkages in lignin both by examining more commonly studied effects such as the impact of ring functionalization on bond cleavage and more electronic-structure-based analysis on fragmentation patterns. Nevertheless, with this newly introduced approach, we have identified for the first time that spirodienone branching linkages can fragment into many possible products with high frequency of cleavage.
Additionally, we have identified in one case where breaking an "easy" to break ether bond also results in the spontaneous cleavage of a harder to break biphenyl-like bond. In the case of larger models of the polymer, we confirmed that cleavage events are unchanged by chain lengthening, but that force-dependent screens can provide a handle for identifying the relative activity and mechanism of a class of catalysts. Our rapid GPU-accelerated density functional theory approach has permitted the study of the dynamics of thousands of individual bond cleavage events. Such 
